Introduction
Endocannabinoids are endogenous signaling lipids that activate the cannabinoid CB 1 and CB 2 receptor. They play an essential role in human health and disease, regulating processes, such as immunomodulation, energy balance and neurotransmission. 1 There are two main endocannabinoids: anandamide and 2-arachidonoylglycerol (2-AG). [2] [3] [4] Both endocannabinoids are often found together, but their levels vary between species, tissue type, developmental stage and pathological condition. 5 Although selective inhibitors of their metabolic pathways have provided information about the biological function of the endocannabinoids, it is still unclear to a large extent which endocannabinoid is responsible for specific cannabinoid CB 1 receptor dependent (patho)physiological effects. 6, 7 Selective inhibition of the formation of anandamide and 2-AG would be instrumental to determine which endocannabinoid is responsible for specific CB 1 -mediated physiological effects.
However, pathway-selective inhibitors for 2-AG and anandamide biosynthesis are currently lacking. 2-AG is mainly formed by the action of two diacylglycerol lipases (DAGL-α and DAGLβ). 8 DAGLs are intracellular, multi-domain integral membrane proteins. The DAGLs share extensive homology, but differ in size: ~120 and ~70 kDa for DAGL-α and DAGL-β respectively. 8 DAGLs belong to the class of serine hydrolases that employ the typical Ser-His-Asp catalytic triad to hydrolyze the ester bond of acyl chains from arachidonate-containing diacylglycerols in a sn-1 specific manner. Studies with DAGL knock-out mice have shown that DAGL-α controls to a large extent the formation of 2-AG in the central nervous system, whereas DAGL-β appears to partake in 2-AG production in the periphery during inflammation. 5, 10 Importantly, also basal anandamide levels were reduced in DAGL-α knock-out mice. Selective inhibitors for DAGLs, which can be used in an acute and temporal fashion and do not modulate anandamide levels, would, therefore, constitute an important counterpart of the DAGL knock-out mice, and allow the examination of acute versus congenital inhibition.
Although, several classes of DAGL inhibitors have been described in literature, 8, [11] [12] [13] [14] [15] these inhibitors are based on the natural substrates and/or have reactive chemical warheads, and are not selective over other serine hydrolases that modulate endocannabinoid signaling (e.g. α,β-hydrolase domain-containing protein 6 and 12 (ABHD6 and ABHD12), monoacylglycerol lipase (MAGL) or fatty acid amide hydrolase (FAAH)). Therefore highly selective DAGL inhibitors are needed to study the cellular role of the biosynthetic enzymes.
Activity-based protein profiling (ABPP) has emerged as a powerful technique for discovering selective enzyme inhibitors acting in their native physiological context. 16 ABPP hinges on the use of activity-based probes (ABPs) to report on enzyme activity in cells, tissue or animals. 17 An ABP normally consists of a covalent, irreversible enzyme inhibitor featuring a reporter entity (fluorophore, biotin, bioorthogonal tag) to label the active site of the enzyme or enzyme family at hand. ABPP is unique in its ability to rapidly identify inhibitor activity and selectivity within large enzyme families in complex proteome samples. The prototypical ABP for serine hydrolases is based on a fluorophosphonate (FP)-warhead. 18 However, this probe does not recognize DAGL-α and the signals for MAGL and ABHD6 cannot be unequivocally established because not all gel bands can be clearly resolved in the brain proteome. 19 The design, synthesis and characterization of a specific β-lactone-containing ABP (MB064) for the detection of DAGL-α activity was described in Chapter 3. 20, 21 Using this ABP, 1-(oxazolo [4,5-b] pyridin-2-yl)-6-phenylhexan-1-one (LEI104, Figure 1 ) was identified as DAGL-α inhibitor. This inhibitor belongs to the class of α-ketoheterocycles and is the first reversible inhibitor for DAGL-α. LEI104 was, however, weakly active in a cellular assay and not selective over FAAH, the enzyme responsible for the metabolism of the other endocannabinoid anandamide (AEA). 22, 23 Moreover, activity of LEI104 on DAGL-α was not studied, but in view of the high homology between DAGL-α and DAGL-β it is likely that there is cross-reactivity. To apply α-ketoheterocycles as chemical tools to study 2-AG signaling, it is important to increase their cellular activity, to have selectivity over FAAH and to assess their activity on endogenous DAGL-β.
Here, a structure-guided approach to optimize LEI104, employing a homology-model of DAGL-α is reported. In addition, it was discovered that the β-lactone probe MB064 could also label DAGL-β in cells and tissues. Using these tools LEI105 was characterized as a cellular active, dual DAGL-α/β inhibitor. Comparative chemoproteomics revealed that LEI105 is selective for DAGL-α/β over ABHD6, ABHD12, MAGL and FAAH. Furthermore, targeted lipidomics revealed that LEI105 is able to reduce 2-AG levels in a concentration dependent manner in neuronal cells without affecting AEA levels. With LEI105 cannabinoid CB 1 -receptor-dependent short-term synaptic plasticity in a hippocampal slice model can be reduced. In summary, comparative and competitive chemoproteomics was applied to characterize the most selective DAGL inhibitor to date. This inhibitor can be used to study DAGL function in an acute and temporal manner in a neuronal context.
Results & discussion

Structure-guided modeling to identify LEI105 as DAGL-α inhibitor
Previously, the α-ketoheterocycle, 1-(oxazolo [4,5- Figure 1A ) was identified as an inhibitor of DAGL-α. To improve the potency of LEI104 a structure-guided modeling approach was used. The binding pose of LEI104 in DAGL-α was investigated in detail using a molecular dynamics simulation in a previously generated homology model. 21 From this analysis, an additional hydrophobic pocket close to the catalytic site that did not appear to be occupied by LEI104 was identified ( Figure 1B ). Introduction of a phenyl substituent at the 6-position of the oxazolopyridine allowed probing this pocket with the aim of increasing potency and/or selectivity. A α-ketoheterocycle with a para-toluyl group at the 6-position of LEI104 was synthesized and termed LEI105. The synthesis of LEI105 is depicted in scheme 1. Scheme 1. Synthesis of LEI105. i) BnBr, Cs2CO3, DMF. ii) NBS, ACN, 0 o C. iii) 4-methylphenylboronic acid, Pd(dppf)Cl2, DME/H2O (20:1). iv) Pd/C, MeOH. v) EtOH, pyridine, 80 o C, microwave. vi) Dess-Martin periodinane, CH2Cl2. Compound 2 was obtained by benzylation of 1-amino-2-hydroxypyridine 1. The benzyl protection of the alcohol was required in the next step for a high yielding selective bromination in the para position with respect to the amine. The bromination was performed using N-bromosuccinimide and resulted in aromatic building block 3. This compound was used to couple p-tolylboronic acid by a Suzuki cross coupling. Subsequent removal of the benzyl protecting group provided building block 5. The Suzuki cross coupling was performed before the alcohol was deprotected, because the cross coupling with the free alcohol resulted in poor yields. 1-Amino-2-hydroxypyridine 5 was coupled to imidate 6 (synthesized as described in Chapter 3), which resulted in alcohol 7. Oxidation of 7 using Dess-Martin periodinane afforded final α-ketoheterocycle 8 (LEI105).
The activity of LEI105 was tested on human DAGL-α in a colorimetric assay using para-nitrophenylbutyrate as a surrogate substrate. 24 LEI105 proved to be a potent inhibitor with a pIC 50 of 8.5 ± 0.06 (N=2, n=2), thus some 10-fold more potent than LEI104 (7.4 ± 0.05; N=2, n=2). 21 To confirm that LEI105 was also able to block conversion of the natural substrate 1-stearoyl-2-arachidonoyl-sn-glycerol of DAGL-α to the endocannabinoid 2-AG, the real-time fluorescence-based assay was employed. 25 In this assay LEI105 inhibited recombinant human DAGL-α with a pIC 50 of 7.9 ± 0.08 (N=2, n=2) ( Figure 1E ), which is a 40-fold increase compared to LEI104 (pIC 50 6.3 ± 0.1 (N=2, n=2)). The inhibitory activity of LEI105 was confirmed in a radiometric assay using 1-[ 14 C]oleoyl-2arachidonoyl-sn-glycerol (1.0 mCi mmol -1 , 20 µm) as substrate (pIC 50 of 6.6; n = 2). 8 . (E) Dose response curve of DAGL-α inhibition by LEI104 (pIC50 6.3 ± 0.1 (IC50 = 501 nM); N=2, n=2) and LEI105 (pIC50 7.9 ± 0.08 nM (IC50 = 13 nM); N=2, n=2) as determined with a glycerol based natural substrate assay. (F) ABPP using MB064 (1 µM) with different hDAGL-β constructs and anti-FLAG western blot of the same gel. (G) Competitive ABPP in the mouse spleen membrane proteome using MB064 (1.0 µM) in competition with LEI105 (10 µM), LEI105 can block labeling of endogenously expressed DAGL-β in the mouse spleen membrane proteome. 
Determining endogenous DAGL activity using MB064 as ABP
To test the activity of LEI105 on endogenously expressed DAGL-α in mouse membrane proteome, a previously reported ABPP method with MB064 was used. 21 A competitive concentration response experiment with LEI105 in the mouse brain membrane proteome using MB064 revealed a pIC 50 of 7.5 ± 0.07 (n=3) against DAGL-α ( Figure 1C , D).
In view of the high homology between DAGL-α and DAGL-β the activity of LEI105 was also assessed on native DAGL-β. To this end, it was tested whether ABP MB064 was also able to label DAGL-β. MB064 was incubated with membranes from mock and hDAGL-β transfected HEK293T cells. MB064 labeled a protein at the expected molecular weight of DAGL-β, which was not present in the control membranes, or in S443A-hDAGL-β transfected cells, in which the catalytic serine is replaced by alanine using site-directed mutagenesis ( Figure 1F ). Thus, MB064 can also detect DAGL-β. Labeling of hDAGL-β was inhibited by LEI105 with a pIC 50 of 7.4 ± 0.07 (n=3) ( Figure 2 ). The activity of LEI105 on human DAGL-β was confirmed using a biochemical assay with para-nitrophenylbutyrate as a surrogate substrate (pIC 50 of 8.1 ± 0.07, n=4; Figure 3 ). Next, ABP MB064 was used to profile endogenous DAGL-β activity in twelve tissues from wild-type and DAGL-β knock-out mice. Spleen tissue was found to display the highest DAGL-β activity ( Figure 4 ). This activity could be inhibited by LEI105 ( Figure 1G ).
Reduction of the α-keto group of LEI105 to the corresponding alcohol (compound 7, scheme 1) led to a ~150 fold drop of activity against DAGL-α, thereby indicating that the α-carbonyl in LEI105 reacts with the active site serine hydroxyl to form a covalent, though reversible, enzyme-inhibitor hemiketal adduct. To determine the mode of action (reversible versus irreversible) of LEI105, an experiment in which human DAGL-α membranes were pre-incubated at the IC 80 concentration of LEI105 or the irreversible DAGL inhibitor KT109 was performed ( Figure 5 ). 15 The protein was separated from small molecule inhibitors via size exclusion column chromatography and remaining enzyme activity was visualized with MB064. No recovery of DAGL-α activity was found for KT109, whereas MB064 labeled DAGL-α exposed to LEI105 with similar intensity compared to DMSO treated DAGL-α ( Figure 5 ). This indicates that LEI105 is a reversible inhibitor of DAGL-α. 
Determining proteome-wide selectivity of LEI105 using comparative and competitive chemoproteomics
To investigate the selectivity of LEI105 in the mouse brain proteome, comparative and competitive ABPP with a broad-spectrum FP-based probe (TAMRA-FP) and the DAGL-α targeting ABP, MB064 was used. As a reference, the widely used β-lactone-based DAGLinhibitors THL and OMDM-188, two highly potent non-selective covalent and irreversible serine hydrolase inhibitors were used. 8, 14 In our experimental setup, both compounds blocked labeling of at least 4 serine hydrolases at concentrations as low as 1 M, including ABHD6 and ABHD12, enzymes involved in 2-AG metabolism in the brain (Figure 6 A,B). In previous studies, fatty acid amide hydrolase (FAAH) was identified as a major off-target for LEI104. In stark contrast to LEI104, which inhibited FAAH labeling with a pIC 50 of 7.8 ± 0.04 (n=3) ( Figure 6A, 7) , LEI105 did not block FAAH labeling up to a concentration of 10 µM (n=3) ( Figure 6A , D). Of note, LEI105 did not inhibit labeling of any other band either, it can be concluded that LEI105 is highly selective at least within the panel of serine hydrolases labeled by TAMRA-FP and MB064. To explain this remarkable selectivity of LEI105 for DAGLα/β over FAAH, a detailed investigation using a co-crystal structure of FAAH with OL-135 (pdb: 2WJ1 and 2WJ2) was performed. 26 In silico modification of the heterocyclic part of OL-135, in the presence of the protein receptor, to a LEI105 like conformer revealed a steric clash of the toluoyl moiety of LEI105 with the substrate channel of FAAH, thereby possibly explaining the high selectivity of LEI105 over FAAH compared to its analog LEI104 ( Figure 6C ). Considering that the human serine hydrolase family contains approximately 200 family members, 27 the selectivity of LEI105 in the brain proteome was examined in a broader and more detailed manner. To this end, a semi-quantitative chemoproteomics protocol was adapted. This protocol was previously applied to determine the selectivity profile of the irreversible inhibitor KT-109. MB108 and FP-Biotin, a biotinylated version of MB064 and TAMRA-FP respectively, were used for this method. This methodology allows for a more accurate quantification avoiding band overlap (as observed with gel-based assays) and enables screening over a broader range of specified serine hydrolases. First, equal isotopic labeling and detection of light and medium peptides from proteins targeted by both ABPs was validated ( Figure 6G ). Next, the selectivity of LEI105 in this chemoproteomic assay was investigated. LEI105 (10 M, 30 min) did not reduce labeling of the detected serine hydrolases by more than 20%, except for DAGL-α ( Figure 6F ). In addition, LEI105 was tested in biochemical assays using recombinant human ABHD6 and MAGL and in a cannabinoid CB 1 receptor radioligand displacement assay. No significant interaction (pK i < 5) with these proteins of the endocannabinoid system was found ( Figure 8 ). Together these results indicate that LEI105 is a highly selective DAGL inhibitor. 
LEI105 reduces 2-AG levels in Neuro2A cells
To test the cellular activity of LEI105, Neuro2A cells were used. Neuro2A is a mouse neuroblastoma cell line known to express both DAGL-α and DAGL-β. 28 First, the presence of the mRNA transcripts of both DAGLs was confirmed. Interestingly, it was found that DAGL-β mRNA levels are ~128-fold higher, compared to DAGL-α, as determined by qPCR. In line, DAGL-α protein activity was below the detection limit of our ABPP assay, whereas a fluorescent band at the expected molecular weight of DAGL-β was detected using MB064. The identity of the band at ~70 kD was confirmed by competition with three DAGL inhibitors with a different chemotype (THL, LEI105 and KT109), all 3 inhibitors blocked labeling of the band at ~70 kD, while the control inhibitor for KT109 (KT195, Supporting Figure 1 ) developed by Hsu et al. 15 did not block labeling of the band at ~70 kD. This confirmed the identity of the band as DAGL-β ( Figure 9 ). LEI105 selectively reduced DAGL-β labeling in a concentration dependent manner with a pIC 50 of 7.3 ± 0.07 ( Figure 10A, B ). Of note, no inhibition of ABHD6 was observed. Next, in a targeted lipidomics experiment the effect of LEI105 on the cellular levels of 2-AG and anandamide was determined. A concentration-dependent reduction of 2-AG was found in Neuro2A cells, whereas anandamide levels were unaffected ( Figure 10C, D) . To test the activity of LEI105 in a human cell line, the PC3 cell line was used. DAGLβ activity in PC3 cells was confirmed in the same manner as in Neuro2A cells. All 3 DAGL inhibitors (THL, LEI105 and KT109) blocked MB064 labeling of a band at ~70 kD, while KT195 did not, confirming that the band at ~70kD is DAGL-β ( Figure 11 ). LEI105 reduced 2-AG levels, but no change in sn-1-stearoyl-2-arachidonoyl-glycerol substrate levels of DAGL was detected, which may suggest that DAG species are rapidly converted into other membrane constituents, such as phosphatidic acid by DAG-kinases. Interestingly, arachidonic acid levels were reduced by LEI105 treatment of PC3 cells ( Figure 11C ). This may indicate that downstream metabolic pathways of 2-AG signaling are also affected and that the biosynthesis of 2-AG is the rate-limiting step. This is in line with a previously reported reduction of arachidonic acid levels in DAGL-α knockout mice and after inhibition with KT109 in mouse liver. 15, 5 
LEI105 reduces synaptic transmission in hippocampus
To demonstrate a physiological effect of the inhibition of 2-AG biosynthesis by LEI105, the attention was focused on hippocampal slice preparations in which depolarizationinduced suppression of inhibition (DSI) is thought to be mediated via 2-AG-induced activation of presynaptic cannabinoid CB 1 receptors. 29, 30 Experimental evidence, which supports a role of DAGL-α in DSI, has been obtained through the use of genetically engineered mice that constitutively lack DAGL-α. DSI was absent in these DAGL-α knockout mice, but not in their DAGL-β knock-out counterparts. 5, 10 Of note, anandamide levels were also reduced in these DAGL-α knock-out mice. Acute DAGL inhibition studies with chemical tools would, therefore, provide an additional line of evidence to verify the role of DAGL-α in DSI. Pharmacological intervention studies with the two highly potent nonselective DAGL inhibitors, THL and OMDM-188, however, have challenged the unequivocal role of the DAGLs in DSI. Multiple groups reported a suppression of DSI by THL and/or OMDM-188, [31] [32] [33] [34] [35] [36] whereas other groups did not find any inhibitory effect of THL and/or OMDM-188. 37, 38 The discrepancy between the genetic model and the pharmacological studies, led to the alternative hypothesis that 2-AG is released from preformed lipid stores instead of the 'on demand' production of 2-AG. 39, 40 Here, cannabinoid CB 1 receptor-dependent DSI in CA1 pyramidal neurons in hippocampal slices with the selective DAGL inhibitor was investigated. Pre-incubation and continuous application of 10 µM LEI105 had no effect on the amplitude of the stimulus-evoked inhibitory post-synaptic currents (IPSC) (271 ± 22 pA) compared to control (276 ± 32 pA).
In control conditions, a DSI response could be evoked which decayed back with an exponential time course ( = 34 sec) to baseline levels. DSI was quantified as the reduction in IPSC amplitude averaged over the first 15 sec after its induction. DSI evoked in slices treated with LEI105 was smaller than DSI induced in control slices (18 ± 7%, n=15 and 36 ± 4%, n=18, respectively; p<0.05, Student's t-test) ( Figure 12 ). However, it is clear that DSI is not completely blocked in the presence of LEI105, which suggests that in addition to on demand 2-AG synthesis, the recruitment of 2-AG pools may contribute to DSI. 40 Alternatively, other endocannabinoids (e.g. anandamide) may be involved. Of note, at 10 M LEI105 was still selective in our experimental set up and did not displace 3 H-CP55940 from the CB 1 receptor (Figure 8 ), a result that excludes direct antagonism of the CB 1 receptor by LEI105. Thus, the data support the hypothesis of a major, but not exclusive, role of 'on demand' production of 2-AG, which is responsible for the cannabinoid CB 1 receptor-mediated synaptic plasticity. 33 
Conclusions
In conclusion, comparative and competitive chemproteomics using a DAGL-α targeting ABP (MB064) in combination with the broad-spectrum probe (TAMRA-FP) was applied to identify and characterize the reversible DAGL inhibitor LEI105. This inhibitor was found to be an excellent tool to study the enzymatic role of DAGL-α in a neuronal setting and provides a critical counterpart to currently available DAGL knock-out mice. This was exemplified in Neuro2A cells (where LEI105 reduced 2-AG levels, but not AEA levels) and in intact hippocampal brain slices (where a clear suppression of DSI was observed in the presence of LEI105). Using this combination of activity-based probes in a chemoproteomic setting many lipases involved in the regulation of endocannabinoid levels (e.g. DAGL-α, ABHD6, ABHD12, MAGL and FAAH) in the brain are targeted with high affinity. This opens the door to broadly apply this methodology to identify and characterize not only covalent irreversible inhibitors, but also reversible inhibitors that target DAGL and other enzymes involved in 2-AG biosynthesis and metabolism. Identification of reversible inhibitors is important, because covalent irreversible inhibitors can potentially lead to toxicity and immunogenicity of covalent inhibitor-protein complexes and selectivity issues using reactive covalent warheads. Reversible inhibitors have the additional intrinsic advantage to enable a better control of partial inhibition of their target enzyme. This is especially important with respect to endocannabinoid signaling in the CNS, since complete blockade of cannabinoid CB 1 receptor signaling in the CNS may lead to severe side effects. 41 Thus, this feature can play an important factor in the development of clinical candidates to provide therapeutic solutions for diseases, such as obesity, related metabolic disorders and neuroinflammation, in which excessive 2-AG signaling or its metabolites play an important factor.
Experimental Methods
Synthetic procedures
General remarks
All reactions were performed using oven or flame-dried glassware and dry solvents. Reagents were purchased from Sigma Aldrich, Acros and Merck and used without further purification unless noted otherwise. All moisture sensitive reactions were performed under an argon atmosphere. Traces of water were removed from starting compounds by coevaporation with toluene. 
3-(benzyloxy)pyridin-2-amine (2):
3-(benzyloxy)-5-bromopyridin-2-amine (3):
(2.0 g, 9.99 mmol) was dissolved in ACN and cooled to 0 o C. N-bromosuccinimide (1.79 g, 10 mmol) was added in portions. The reaction mixture was stirred for 15 minutes before the solvent was removed under reduced pressure. The residue was taken up in EtOAc/H 2 O (1:1) and the layers were separated. The organic layer was washed with saturated NaHCO 3 (aq.) and brine before it was dried on MgSO 4 3 (1.0 mL) was added drop-wise at 0°C. After the reaction mixture was stirred for 2h it was allowed to warm to rt and the solvents were removed at 25°C under reduced pressure. The obtained solid imidate (6) was directly used for the next reaction.
6-phenyl-1-(6-(p-tolyl)oxazolo[4,5-b]pyridin-2-yl)hexan-1-ol (7):
Compound 5 (77 mg, 0.38 mmol) dissolved in EtOH (2 mL) was added to a sealed microwave tube. Pyridine (0.04 mL, 0.49 mmol) was added and the mixture was heated for 15 min to 80 o C using microwave irradiation. Imidate 6 (123 mg, 0.49 mmol) dissolved in EtOH (1.0 mL) was added and the mixture was heated to 80 o C for 6h using microwave irradiation. The reaction mixture was concentrated under reduced pressure and purified by flash chromatography over silica gel using CH 2 hDAGL-α/β plasmids. Full length human cDNA was purchased (Biosource) and cloned into mammalian expression vector pcDNA3.1, containing genes for ampicillin and neomycin resistance. hDAGL-α constructs were obtained as reported previously. 13 For proteins containing a FLAG-tag, a FLAG-linker was made from primers and cloned into the vector at the C-terminus of hDAGL-α or hDAGL-β. Two step PCR mutagenesis was performed to substitute the active site serine for an alanine in the hDAGL-β-FLAG, to obtain hDAGL-β-S443A-FLAG. All plasmids were grown in XL-10 Z-competent cells and prepped (Maxi Prep, Qiagen). Sequence analysis for the confirmation of the sequences was performed at the Leiden Genome Technology Centre.
Cell culture and membrane preparation. Cell culture and membrane preparation were performed as previously described. 13 In brief, HEK293T cells were grown in DMEM with stable glutamine and phenolred (PAA), 10% New Born Calf serum, penicillin and streptomycin. Cell passage was performed every 2-3 days by resuspension in medium and seeding them to appropriate confluence. Membranes were prepared from transiently transfected HEK293T cells. 24h prior to transfection 10 7 cells were seeded in a 15 cm petri dish. A 3:1 mixture of polyethyleneimine (60µg) and plasmid DNA (20µg) in 2 mL serum free medium was added. The medium was refreshed after 24 hours, and after 72h the cells were harvested in 20 mL medium. Cells were isolated by centrifugation for 10 min at 1000 rpm and subsequent aspiration of the medium. The cell pellet was flash frozen in liquid nitrogen and stored at -80 o C until use. Cell pellets were slowly thawed on ice and suspended in lysis buffer (20 mM HEPES pH 7.2, 2 mM DTT, 0.25 M sucrose, 1 mM MgCl 2 , 1x protease inhibitor cocktail (Roche cOmplete EDTA free), 25 U/mL Benzonase). Three pulses with a polytrone (3 × 7 sec) were used to homogenize the suspension. After homogenization, the suspension was allowed to incubate for 10 min on ice. Ultracentrifugation (100.000 × g, 30 min, 4 o C, Beckman Coulter, Type Ti70 rotor) was used to separate the cytosolic fraction and the membrane fraction. The pellet (membrane fraction) was resuspended in storage buffer (20 mM HEPES pH 7.2, 2 mM DTT, 1x protease inhibitor cocktail (Roche cOmplete EDTA free)). The total protein concentration was determined with Quick Start Bradford assay (Biorad) or Qubit TM protein assay (Invitrogen). The protein concentration was adjusted to 1 mg/mL before it was flash frozen in liquid nitrogen and stored at -80 o C until use.
Biochemical DAGL activity assay. The biochemical hDAGL-α assay was performed as reported previously. 13 In brief, the biochemical hDAGL-α activity assay is based on the hydrolysis of para-nitrophenylbutyrate (PNP-butyrate) by membrane preparations from HEK293T cells transiently transfected with hDAGL-α. Reactions were performed in 50 mM HEPES pH 7.2 buffer with 0.05 μg/μL (final protein concentration) hDAGL-α transfected membrane fractions. The colorimetric assay for DAGL-β activity was performed using the same methodology as for the DAGL-α assay, but hDAGL-β transfected HEK293T cell membranes were used.
Radioligand displacement assay. [ 3 H]CP55940 (specific activity 141.2 Ci/mmol) and GF-C filters were purchased from Perkin Elmer (Waltham, MA). Bicinchoninic acid (BCA) and BCA protein assay reagent were obtained from Pierce Chemical Company (Rochford, IL).The cell line stably expressing the hCB 1 receptor (CHOK1hCB1_bgal) was obtained from DiscoveRx.
Cell culture and membrane preparation for the radioligand displacement assay. CHOK1hCB 1 _bgal cells were cultured in Ham's F12 Nutrient Mixture supplemented with 10% fetal calf serum, 1 mM glutamine, 50 μg/mL penicillin, 50 μg/ml streptomycin, 300 mg/mL hygromycin and 800 μg/mL geneticin in a humidified atmosphere at 37°C and 5% CO 2 . Cells were subcultured twice a week at a ratio of 1:20 on 10-cm ø plates by trypsinization. For membrane preparation the cells were subcultured 1:10 and transferred to large 15-cm diameter plates.
[ 3 H]CP55940 displacement assay. [ 3 H]CP55940 displacement assays to determine the cannabinoid CB1 binding affinity were performed as reported previously, 3 with the following changes: Membrane aliquots containing 5 μg (CHOK1hCB 1 _bgal) of membrane protein in 100 μL assay buffer (50 mM Tris-HCl, 5 mM MgCl 2 , 0.1% BSA, pH 7.4) were incubated at 30°C for 1 hr. Non-specific binding was determined in the presence of 10 μM AM630. Filtration was performed on GF/C filters, presoaked for 30 min with 0.25% PEI, using a Brandel harvester. Filter-bound radioactivity was determined in a β-counter. Activity based protein profiling in Neuro2A cells. Neuro2A cells were grown in DMEM with stable glutamine and phenolred, 10% New Born Calf serum, penicillin and streptomycin. Cells were passaged every 2-3 days by resuspension in medium and seeding them to appropriate confluence. Before harvest, the Neuro2A cells were washed with serum free medium (3x). The cells were suspended in serum free medium and centrifuged at 1000 rpm for 10 min to pellet the cells. The cell pellets were flash frozen in liquid nitrogen and stored at -80 until lysis. The Neuro2A cells were suspended in lysis buffer (20 mM HEPES pH 7.2, 2 mM DTT, 1 mM MgCl 2 , 25u/mL Benzonase) and dounce homogenized. The protein concentration was determined by Qubit TM protein assay (invitrogen) or Quick Start Bradford assay (Biorad) and samples were subsequently flash frozen and stored at -80 o C until use. Neuro2A proteome (2 mg/mL) was incubated with vehicle (DMSO) or inhibitor in 0.5 µL DMSO for 30 min at rt. The sample was subsequently treated with ABP MB064 (2 µM) for 20 min at rt before the reaction was quenched with standard 3 × SDS PAGE sample buffer. Gels were scanned using a ChemiDoc MP system (Cy3 settings, 605/50 filter) and analyzed using image lab 4.1. PC3 cells were maintained in F12K medium and subcultured and analyzed using the same protocol as for the Neuro2A cells.
Preparation
Activity based protein profiling in mouse tissue. Tissue proteome (2 mg/mL) was incubated with vehicle (DMSO) or inhibitor in 0.5 µL DMSO for 30 min at rt and subsequently incubated for 15 min. with ABP MB064 (250 nM (final concentration) for DAGL-α detection or for 20 min. with 2 µM ABP MB064 (final concentration) for DAGLβ detection). The proteins were resolved and visualized using the same procedure as for the Neuro2A cells.
Western BLOT. Western blot procedure was performed as reported previously. 13 In brief, Proteins were transferred from gel to a PVDF membrane using a Trans-Blot ® Turbo (BioRad). Enzymes containing a FLAG-tag were stained using rabbit anti-FLAG as primary antibody, and goat-anti-rabbit HRP as secondary antibody. The blot was developed in the dark using a 10 mL luminal solution, 100 μL ECL enhancer and 3 μL H 2 O 2 .
Chemiluminescence was visualized using a ChemiDoc XRS (BioRad).
qPCR.
For qPCR experiments, iTaq™ Universal SYBR ® Green Supermix (BioRad) was used following the manufacturers protocol.
ABPP inhibitor activity measurements. The percentage of activity remaining was determined by measuring the integrated optical intensity of the fluorescent protein bands using Image lab 4.1. The relative intensity was compared to the vehicle treated proteins, which were set to 100%. IC50 and IC 80 values were determined by plotting a log(inhibitor) vs. normalized response (variable slope) dose-response curve generated using Prism software (GraphPad).
Natural substrate based fluorescence assay. The natural substrate assay for DAGL-α, MAGL and ABHD6 activity were performed as reported previously. 25
Size exclusion chromatography. Membrane fractions of DAGL-α-FLAG transfected HEK293T
(1 mg/mL; 0.5 mL) cells were incubated with vehicle (DMSO), pIC 80 concentration of LEI105 (6.5 ± 0.12) or the pIC 80 concentration of KT109 (6.8 ± 0.19) for 30 minutes at rt. Small molecules were separated from proteins using 2 mL Zeba spin desalting columns (Thermo scientific) using the manufacturers protocol (3×). DAGL-α activity of the samples before and after size exclusion chromatography were analyzed using the ABPP method as described above. Western blot of the FLAG-tag signal was used to control for equal protein loading.
Lipid analysis PC3 cells. PC3 cells were cultured as described above. Before inhibitor treatment, the culture medium was removed and the cells were washed with warm (37 o C) serum-free medium (3x). The cells were treated with vehicle (DMSO) or inhibitor for 4h at 37 o C in serum-free medium. After 4h of incubation medium was removed and the cells were washed with cold (4 o C) DPBS (3x) and subsequently suspended in DPBS and pelleted. The cell pellet metabolome was extracted and analyzed as described previously. 5
Lipid analysis Neuro2A cells. Neuro2A cells were cultured as described above. Before inhibitor treatment, the culture medium was removed and the cells were washed with warm (37 o C) serum free medium (3x). The cells were treated with vehicle (DMSO) or inhibitor for 1h at 37 o C in serum free medium. After 1h of incubation medium was removed and the cells were washed with cold (4 o C) PBS (3x) and subsequently suspended in PBS and pelleted. The PBS was removed and the cell pellet was flash frozen and stored at -80 o until endocannabinoid extraction. Cell pellets were suspended in 100 µL 0.5% NaCl (aq.), and 510 µL 0.2% formic acid (vol/vol) in ACN containing internal standards (d 8 -anandamide (6 pmol) and d 8 -2arachidonoyl glycerol (60 pmol)). The mixture was vortexed and loaded on a captiva ND lipid column (A5300635, Agilent technologies). Positive pressure was applied and the flow through was collected. The elution step was subsequently repeated with 500 µL and 250 µL 0.2% formic acid (vol/vol) in ACN/H 2 O 95:5 (vol/vol). The combined elutes were concentrated in a speedvac and reconstituted in H 2 O/MeOH 1:1 (vol/vol) for LC/MS analysis.
LC-Chip-MS/MS analysis.
Endocannabinoids were measured using a chip-based nano liquid chromatography (LC) system coupled to a triple quadrupole mass spectrometer. The HPLC-Chip is inserted into the HPLC-Chip-MS interface, which mounts directly on the MS source. It includes a miniature camera for spray visualization, the loading mechanism for chip positioning, the microvalve for flow switching, and fluid connection ports for the nano-LC and microwell-plate autosampler.
Chromatographic conditions were achieved on a 1100 series LC-chip system (Agilent technologies, Walbron, Germany) consisting of a nanoflow pump, a capillary pump, a micro well plate auto sampler with thermostat and a LC-Chip/MS interface (chipcube). The chromatographic separations were performed on an ultra-high capacity chip including a 360 nL enrichment column and a 150 mm × 75 μm analytical column, both packed with a Polaris-HR-chip 3μm C18 phase (Agilent Technologies). The mobile phase was composed of 10mM formic acid/water (A) and ACN (B). The analytical gradient was performed in two steps: first, the 8ul sample was loaded on the enrichment column during an isocratic enrichment phase using the capillary pump delivering a mobile phase in isocratic mode composed of 40%B at a flow rate of 2 μL/min. The column was flushed with two wash cycles for 8min at 100%B to remove unretained components. Then, after the valve switches, a gradient starts at 45%B that linearly increases up to 80% B in 12min at a flow rate of 400nL/min. The column was then rinsed with 95%B for 2 minutes before returning to 45% B. The column was re-equilibrated for 5min prior to the next injection. 
Proteomics
A schematic representation of the proteomic experiment is given in figure S2 . Mouse brain proteome (500 µL, 2.0 mg/mL) membrane or soluble fraction was incubated with vehicle (DMSO) or inhibitor (10 µM) in DMSO for 30 minutes at rt. The proteome was labeled with MB108 (2.5 µM, 30 minutes, rt) or FP-Biotin (5 µM, 30 minutes, 37 o C). Subsequently the labeling reaction was quenched and excess probe was removed by chloroform methanol precipitation. Precipitated proteome was suspended in 500 µL 6M Urea/25 mM ammonium bicarbonate and allowed to incubate for 15 minutes. 5 µL (1 M DTT) was added and the mixture was heated to 65 o C for 15 minutes. The sample was allowed to cool to rt before 40 µL (0.5 M) iodoacetamide was added and the sample was alkylated for 30 minutes in the dark. 140 µL 10% (wt/vol) SDS was added and the proteome was heated for 5 minutes at 65 o C. The sample was diluted with 6 mL PBS. 100 µL of 50% slurry of Avidin−Agarose from egg white (Sigma-Aldrich) was washed with PBS and added to the proteome sample. The beads were incubated with the proteome ˃ 2h. The beads were isolated by centrifugation and washed with 0.5% (wt/vol) SDS and PBS (3x). The proteins were digested overnight with sequencing grade trypsin (Promega) in 100 μL Pd buffer (100 mM Tris, 100 mM NaCl, 1 mM CaCl2, 2 % ACN and 500 ng trypin) at 37 o C with vigorous shaking. The pH was adjusted with formic acid to pH 3 and the beads were removed. The peptides were isotopically labeled by on stage tip dimethyl labeling. , Kuo et al. 2013 6 ) . The stage tips were made by inserting C 18 material in a 200 µL pipet. The stepwise procedure given in the table below was followed for stage tip desalting and dimethyl labeling. The solutions were eluted by centrifugal force and the constitutions of the reagents are given below.
On-stage tip dimethyl labeling (adapted from Li
Step Tryptic peptides were analyzed on a Surveyor nanoLC system (Thermo) hyphenated to a LTQ-Orbitrap mass spectrometer (Thermo) as previously described. 1 Briefly, emitter, trap and analytical column (C18, 120 Å) were purchased from Nanoseparations (Nieuwkoop, The Netherlands) and mobile phases (A: 0.1% formic acid/H2O, B: 0.1% formic acid/ACN) were made with ULC/MS grade solvents (Biosolve). General mass spectrometric conditions were: electrospray voltage of 1.8-2.5 kV, no sheath and auxiliary gas flow, capillary voltage 40 V, tube lens voltage 155 V and ion transfer tube temperature 150 °C. Polydimethylcyclosiloxane (m/z = 445.12002) and dioctyl phthalate ions (m/z = 391.28429) from the milieu were used as lock mass. Some 10 μl of the samples was pressure loaded on the trap column for 5 min with a 10 μl/min flow and separated with a gradient of 35 min 5%-30% B, 15 min 30%-60% B, 5 min A at a flow of 300 µl/min split to 250 nl/min by the LTQ divert valve. Full MS scans (300-2000 m/z) acquired at high mass resolution (60,000 at 400 m/z, maximum injection time 1000 ms, AGC 106) in the Orbitrap was followed by three MS/MS fragmentations in the LTQ linear ion trap (AGC 5x103, max inj time 120 ms) from the three most abundant ions. MS/MS settings were: collision gas pressure 1.3 mT, normalized collision energy 35%, ion selection threshold of 750 counts, activation q = 0.25 and activation time 30 ms. Ions of z < 2 or unassigned were not analyzed and fragmented precursor ions were measured twice within 10 s and were dynamically excluded for 60 s. Data analysis was performed using Maxquant with acetylation (protein N term) and oxidation (M) as variable modifications. The false discovery rate was set at 1% and the peptides were screened against mouse proteome (Uniprot). Serine hydrolases that were identified in at least two repetitive experiments and for which at least 2 unique peptides were identified were considered as valid quantifiable hits.
Computational Chemistry
Docking of LEI104 in a previously reported homology model of DAGL-α was performed as described previously. 13 The structure of LEI104 was in silico modified to LEI105. The geometry was optimized using a fast Dreiding-like forcefield in the presence of the protein receptor. Depicted is one possible representative LEI105-like conformer. The active conformation of OL-135 in the previously published co-crystal structure of FAAH with OL-135 (pdb: 2WJ2) 7 was in silico modified to the corresponding LEI105 heterocycle. The geometry was optimized using a fast Dreiding-like forcefield in the presence of the protein receptor. Depicted is one possible representative LEI105-like conformer.
IPSC amplitude, which returned to baseline level with a single exponential time course. This recovery phase of the DSI response was fitted with a single exponential function and the time constant value obtained from this fit ( = 34 sec) also correctly fitted the decay measured in the neurons treated with LEI105. DSI was then quantified as the relative reduction in the mean IPSC amplitude during the first 15 sec after DSI induction (Fig. 4C) . DSI amplitudes were compared with Student's t-test, using p<0.05 to indicate a significant difference.
